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This article presents biomass gasification technology as a possible method for reducing CO 2 emissions in 
industrial energy generation. The research uses process gas obtained from biomass gasification to fuel a 
piston-feeding SG (combustion engine). An innovative GG (gas generator) was constructed with a fixed 
bed, producing approximately 60 l<W t of power, which was tested at The Institute For Chemical Pro¬ 
cessing Of Coal in Zabrze (Poland). This work demonstrates how the generator parameters influence the 
accumulation of the contained gas; the pilot construction was characterized based on its ability to 
generate electrical energy. The installation consists of a fuel-measuring system, a GG, a dry IOG (gas 
purification system), a current-generating unit and a combustion chamber. The paper describes the dry 
IOG and its ability to reduce ash and organic impurities and introduces an intermediate demarcation of 
the process gas stream. The mass and energy balance of the GG is detailed and analyzed with a para¬ 
metric system for an installation with a power of 1.5 MW t that uses co-generation to produce both 
electricity and heat. During gas combustion in a two-stroke piston engine, this system produced 
approximately 15 kW of electrical energy. The influence of particular fixtures of the system on the ef¬ 
ficiency of the entire installation is also covered. 

© 2013 Elsevier Ltd. All rights reserved. 


1. Introduction 

In the near future, the generation of electricity and heat will 
utilize methods to reduce the environment impact of industrial 
energy generation. One interesting direction that could facilitate 
the desirable ecological effects is RES (Renewable Energy Sources), 
particularly including biomass. The chemical energy in biomass can 
be converted to usable energy using combustion technology [1,2], 
co-combustion with coal [3,4] or gasification [5,6]. Gasification is a 
promising technology for biomass-derived energy due to the spe¬ 
cific properties of biomass and its availability [7,8]. Gasification 
occurs in GGs (gas generators) or reactors. These devices can be 
divided into general categories: fixed-bed gasifiers [9-11], 
fluidized-bed gasifiers [12-14] and entrained-flow gasifiers. Fixed- 
bed reactor technology (and fluidized-bed reactor technology, to a 
certain degree) has been specifically developed to handle biomass, 
while entrained-flow gasifiers are mainly used in coal gasification 
technology, which is characterized by high power outputs [15]. 

Converting the chemical energy contained in biomass to 
combustible gas energy significantly increases the feasibility of 
using biomass to supply energy to small district heating boilers or 
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large boilers [16-18], to produce fuels [19-22] such as methanol 
[23] or to use in SGs (combustion engines) [8] and gas turbines [24]. 
The use of process gas to fuel distributed small- and medium-sized 
co-generation systems that produce electricity and heat contrib¬ 
utes to the achievement of the desired minimum value of RES in the 
overall balance of fuel mix. Biomass gasification technologies are 
being developed worldwide, including the integration of in¬ 
stallations with biomass torrefying units [25]. Additionally, these 
systems allow the use of local fuel sources [26], thereby eliminating 
costly transportation. An important feature of biomass gasification 
technology systems is the ability to use fuel that would otherwise 
be classified as post-production waste (e.g., from the wood or food 
industries). 

Biomass gasification technology together with high-performance 
zero-emission installations [27] may help to decrease the amount of 
CO 2 introduced to the atmosphere. 

2. Description of the GG 

Our research at The Institute For Chemical Processing Of Coal in 
Zabrze (Poland) has developed an innovative design for a fixed-bed 
GG that is part of a biomass gasification installation that generates 
electricity and heat. 

A vital component of the installation is the latest type of biomass 
GG (patent number PL208616). Fig. 1 shows a schematic of the GG 
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Nomenclature 

Indices 




BCHP 

biomass combined heat and power 

A 

ash 

el 

electric 

m 

mass flow rate, kg/h 

/ 

fuel 

h 

specific enthalpy, kj/kg 

GG 

gasifier 

H 

high, mm 

h 

heat 

i 

contribution 

i 

component 

LHV 

lower heating value, kj/kg 

ICH 

gas-cooling installation 

M 

particle mass, kg/kmol 

in 

input (entering) 

N 

power, kW 

IOG 

gas drying installation 

a 

heat flux, kW 

KM 

mixing chamber 

t 

temperature, °C 

out 

output 

u 

coefficient 

r 

reactor 

w 

coefficient 

s 

dry 

a 

coefficient of the distribution of gas, - 

SG 

gas engine 

5 

error margin, % 

t 

thermal 

V 

efficiency, % 

2 

sum 

P 

density, kg/dm 3 




along with the ascending internal fixtures located within the pro¬ 
cessing zones. The tested generator consists of a vertical cylindrical 
reactor with an internal circumference of 400 mm and a height of 
approximately 900 mm [28,29]. 

The literature contains a number of examples of GG designs, 
specifically reactor designs in which air is used as the gasifying 
agent, while the feed (biomass) is transported through a gravita¬ 
tionally moved bed (fixed bed). These solutions can handle varying 
levels of solid particle contamination in process gas as well as tars 
created during biomass thermal processing. 

When a system only generates heat from process gas, it does not 
have to possess low content of ash and tar contaminants. This type 
of generator may have a simple construction, and the resulting gas 
may possess high levels of contamination (level of 10,000 mg/m 3 
for ash and tar). There are a number of gasification reactor designs, 
both Polish and international. One example is the EKOD biomass 
gasification reactor, which is a type of counter-current reactor [30] 
that comprises two parts: one cylindrical and one conical. The 
gasification chamber is located in the cylindrical section, while the 
gasifying agent is introduced via a system of nozzles fitted in the 
conical part of the reactor. The gas produced is directed to the upper 
part of the apparatus, where it is subsequently combusted in the 
boiler. One example in the literature [31] details a reactor that 


generates heat directly in the GG. The apparatus is cylindrical, 
generating gas at the bottom and combusting the resulting gas at 
the top. The gasifying agent is introduced via inlets in the lower 
part and bottom of the reactor. However, gasification technologies 
that produce electricity are extremely attractive from a commercial 
standpoint. Technologically advanced reactor designs have been 
implemented in a number of countries worldwide, including the 
Czech Republic [32], China [33,34], Italy and the USA. However, the 
process gas in these designs is characterized by a high ash particle 
(concurrent reactor - of IMBERT type) or tar content (counter- 
current reactor) [33]. 

The gas must be thoroughly cleaned when used for generating 
electrical energy by piston engines. Cleaning the gas to levels 
required by engine producers is difficult, even with a 90% efficient 
gas cleaning system. Thus, the key problem becomes designing a 
generator that produces gas with the lowest possible tar content. 
Low tar content permits effective dust removal via conventional 
methods, as well as cost-effective residual tar removal to indus¬ 
trially acceptable levels — an essential characteristic for bringing 
new technology into the scattered power industry. The essence of 
the ICHPW design is to remove process gas directly from the hot 
zone of the reactor using a central pipe fitted in the vertical axis, 
this allows thermal cracking of larger hydrocarbons (tars from 
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Fig. 1 . The gas generator: (a) Technological scheme of the design, (b) Process zones. 
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biomass pyrolysis) during their flow through the gasification hot 
zone. We achieved higher temperature gas with several times 
lower tar content compared to that produced by the counter- 
current reactor. Furthermore contradictory to the concurrent 
reactor created process gas has a much lower solid particle con¬ 
tent entrained from the lower oxidation zone and reduces partial 
process gas combustion. Moreover, selecting the appropriate 
height, H r (distance between air distributor and inlet to the 
central pipe) (Fig. 1), for the given apparatus geometry and type 
of fuel (physicochemical properties of biomass) produces gas with 
the maximum heating value and the optimal composition. The 
new generator also has the advantage that the gasifying agent is 
fed in three different places in the apparatus: underneath the 
grate, in the middle part and at the top of the fuel bed. Each 
stream can be separately controlled, which allows control of the 
size of individual zones based on localized temperature changes. 
This control is particularly important for optimizing gas produc¬ 
tion based on the physicochemical parameters of the type of fuel 
used (such as moisture content and chemical composition). 

Moist fuel (Fig. 2) is fed into the upper part of the reactor using a 
screw conveyor and travels downward in the apparatus. This fuel is 
then subjected to the following thermal processes: drying, pyrol¬ 
ysis, combustion and gasification. Fuel and air travel concurrently 
in the drying and pyrolysis zones; a mixed current exists in the 
gasification zone, while combustion is conducted in a counter- 
current zone. 


BUCKET FEEDER 


BIOMASS 


INDIRECT 

FUEL 

TANK 


PROCESS GAS 
POINT A 



Fig. 2. The gas generator with the fuel-feeding fixture and the process air. 


Moisture-containing biomass fed into the reactor in the first 
step is dried and is transported into the pyrolysis zone with a small 
amount of top process air. The stream of water vapor created while 
drying the biomass is passed from the drying zone through the 
pyrolysis zone (without chemical reaction) to the gasification zone. 
Flere, part of the water vapor stream reacts with hot char, creating 
hydrogen. The unreacted steam passes to the process gas as a 
ballast. 

Char and tars created during the pyrolysis process are passed to 
the gasification zone, where part of the products from pyrolysis is 
combusted in the place where the middle gasifying agent is 
introduced. 

Unreacted char is combusted at the bottom part of the reactor, 
where the main process air is introduced, providing a heat source 
for the endothermic gasification reactions. A stream of ash is bled at 
the bottom part of the reactor by combusting the char produced 
from the biomass. 

The final composition of the process gas is made up of gas from 
gasification, pyrolytic gas and flue gas created in the combustion 
process, as well as the portion of the water vapor that was sepa¬ 
rated while drying the fuel. 

Temperature measurements for the individual zones are marked 
in Fig. 2, while the composition of the produced gas was measured 
at the generator outlet. 

The tested generator yields approximately 60 kW t (calculated 
for chemical enthalpy of fed biomass). The apparatus combines the 
advantages of both the counter-current and concurrent reactors, 
allowing the use of fuel with different granulation and higher 
moisture contents [35]. Removing process gas directly from the 
gasification zone (i.e., high-temperature zone) causes thermolysis 
of tars and could greatly reduce the amount of highly aromatized 
substances. Fig. 3 shows pictures of the reactor. At left is the overall 
view of the reactor; at right is the top of the reactor, with two-level 
sensors, and in the bottom right corner is the measurement and 
control system for the upper process air. Fig. 4 shows the bottom 
part of the reactor with the ash removal system. 

3. Description of the biomass gasification installation 

The outline of the entire installation for biomass gasification and 
electricity generation is shown in Fig. 5. The installation consists of 
a fuel-feeding system and a GG (see Fig. 2), a dry-IOG, a two-stroke 
piston engine, a combustion chamber and a control system, which 
allows the specific fixtures to be controlled and the current pa¬ 
rameters of the work installation to be observed. 

The technological installation process occurs in the following 
manner: biomass supplies from the fuel stores outside of the 
technological collection point are transported to the intermediate 
fuel collection point using a bucket conveyor. The fuel flows from 
the tank with the assistance of a variable efficiency worm-feeder 
that is proportional to the GG. The level of fuel within the reactor 
is maintained automatically by a system with two signaling sen¬ 
sors, producing either a minimal or maximum level of biomass in 
the equipment under research. After a minimal level of fuel is 
achieved in the reactor, the worm-feeder automatically starts up to 
transport the fuel from the collection point and continues until the 
generator reaches the maximum level of biomass. 

In the experimental installation, a gasification agent is used for 
the atmospheric air, which, when surrounded by low pressure or 
overpressure, is directed to the reactor with the assistance of a 
radial fan. The air is introduced into the system at three locations 
via regulating valves. The gas generated in the reactor is trans¬ 
ported to the inertial dust-collector to collect the excess moisture 
from the process gas (particularly during the start-up process of the 
installation), as well as the majority of the ash impurities in the gas. 
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Fig. 3. The GazEla generator — a view of the left and upper parts of the reactor. 


The device is a vertical cylindrical tank with a cross-sectional area 
much greater than that of the central pipe. A vertical plate is 
installed in the expander’s axis to inertially separate the larger ash 
particles. This process reduces the gas velocity in the dust-collector, 
allowing heavier pollutant particles to fall onto the system bed, 
where they are directed to the ash tank by the specified ash- 
collection system. The inertial expander installed on the process 
gas pipeline eliminates the effect of the process gas pipeline cross- 
sectional contraction; such an effect often leads to disturbances in 
the work of the installation. Initially, the purified gas is transported 
to the cyclone dust-collector to remove the tiny ash impurities. 
Next, the gas is directed to the two-level gas cooler. The gas is 
cooled to a temperature of approximately 30-40 °C in the counter- 
current heat exchanger to condense any organic impurities or 
water vapor contained in the gas. The condensed moisture and 
organic impurities are gathered in the lower heat exchanger col¬ 
lector and are periodically released to a condenser tank directly 
under the heat exchanger. In the next stage of purification, the gas 
flows to the adsorber and the two-filter piston fixture. The filled 
adsorber produces a rinsed coke with a granulation of 10-20 mm. 



Fig. 4. The GazEla generator — a view of the front part of the reactor. 


The two cloth filters are used to remove the finest ash particles and 
a small part of the organic contaminants. Commercial vehicle filters 
proper for this type of engine have been used. In this set-up, one 
filter works while the other is a spare; the filters switch when the 
pressure drop before and after the appliance increases; that 
element is removed and is replaced with a new one. The purified 
combusted gas is then fed to the two-stroke engine or the com¬ 
bustion chamber, and the remaining fumes are emitted through the 
chimney into the atmosphere. 

A two-stroke piston engine with compression ignition was used 
to generate electric energy using diesel fuel. Table 1 presents the 
basic parameters of the SG. 

In a start-up phase of the current-generating unit, diesel oil was 
pumped to the piston engine. After the phase of GG and gas 
cleaning unit start-up, a valve is opened, and the total process gas 
stream is directed into the engine. In an instant, a decrease in diesel 
oil consumption by the engine is noticed. The amount of electric 
power generated by the current-generating unit is controlled by 
setting the heating power on an electric air heating coil. Total 
amount of electric energy produced in a research installation is 
used to supply the electric air heating coil. Such a heating unit is 
composed of a heating coil and a radial fan, the latter of which is 
supposed to cool down the heater. 

Research continued after the temperatures were stabilized in the 
inner reactor and in other designated locations of the installation. 

The following parameters were constantly monitored during 
the data collection process: 

- The internal temperature of the reactor and the temperature of 
the gas at the outlet from the reactor, in addition to monitoring 
specific areas inside the GG (marked as T\ + T 5 in Fig. 2), 

- The accumulation of the generated process gas using a mobile 
analyzer terminal, 

- The measurement of controlled pressure in both the internal 
reactor and in all outflow apparatus in the system installation, 

- The air streams directed to particular zones of the reactor. 

Similarly, there was a periodic collection of the following data: 

- Fuel moisture content (%), 

- The amount of ash impurities, 

- The amount of organic impurities, 

- Detailed process gas composition, 

- The composition of the condensate from process gas cooling. 
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COKE ? 


Fig. 5. Outline of the biomass gasification installation for generating electricity. 


The basic components of the gas (i.e., CO, CO 2 , CH 4 , H 2 and 
0 2 ) were measured using mobile analytic gas terminals. Samples 
of the process gas together with basic hydrocarbons and VOCs 
(volatile organic compounds) (as noted in the Laboratory Of 
Industrial Gases And Carbon-Based Products, IChPW, which 
operates under quality control systems consistent with norm 
PN-EN ISO/IEC 17025:2005 confirmed with certificate Nr. AB 081 
(by PCA)) were measured by chromatographic analysis. The 
organic and ash impurities were collected by a system consisting 
of an electrically heated sounder, two washers, a set of resin- 
filled XAD-2 tubes, an active coal-gas counter and a vacuum 
pump. 


4. Research results 

The biomass fragments used in the research included wood 
slivers (Fig. 6). Table 2 presents the physical and chemical charac¬ 
teristics of the biomass. 

Fig. 7 shows the changes over time in the main process gas 
components during the gasification of alder chips. The figure data 
represent dry gas. 


Table 1 

Data for the combustion engine. 


Parameters 

Value 

Power, KM (kW) 

33.5 (24.6) 

Vol. displacement, cm 3 

3620 

Rev. per min 

1500 

Production year 

1971 


The temperature changes in the internal reactor (Fig. 7), the 
changes in the gas components and the contribution of the process 
gas components during the same period are illustrated in Fig. 8 and 
agree with the results in Fig. 1. 

Figs. 7 and 8 show the progress obtained during the gasifi¬ 
cation tests for a central pipe height of 190 mm (nominal value; 
see Fig. 1). A greater periodic variation of the gas deposits 
caused by a specified fuel dosage to the reactor is noticeable, as 
is a brief rise in the pressure of the main internal generator. 
Fig. 7 shows lesser fluctuations observed during the 6 h of 
operation, illustrating that this behavior is a normal phenome¬ 
non for such a system. A similar situation can be observed in the 
chart in Fig. 8. 



Fig. 6 . Image of the studied biomass. 



































































270 


J. Kotowicz et al / Energy 52 (2013) 265-278 


Table 2 

Properties of biomass used for gasification. 


Denotation 

Unit 

Chips II 

Moisture content 

% 

14.6 

Ash content 

% 

0.5 

Volatile matter content 

% 

78.97 

Sulfur content 

% 

0.02 

Carbon content 

% 

48.5 

Hydrogen content 

% 

5.75 

Nitrogen content 

% 

0.19 

Oxygen content 

% 

40.15 

Higher heating value 

J/g 

19,084 

Lower heating value 

J/g 

15,654 


During the test, a stream of dry air was processed and directed 
to particular zones in the system, with a summary average value 
equal to 21.6 Nm 3 /h. The dimensions chosen during the research 
generally provided efficient reactor operation and the appropriate 
temperature ranges in the specific zones of the process. 

This research investigated how changes in the height H r 
(changes in the height of the central pipe in relation to the grate 
surface) influenced the collected gas to verify that the gas 
collection points were optimal. Fig. 9 shows the process of the 
solidification changes in the main gas components for a height H r 
of 240 mm. 

The lower heating value of the combustible gas at a height of 
H r = 240 mm was 4.40 MJ/Nm 3 , which is nominally less than the 
value obtained for H r at 190 mm. The gas had similar values for the 
measured components for both tests, with small deviations only for 
H 2 and CH 4 . There was no noticeable change in the contribution of 
the main components of the process gas despite shifting the gas 
collection location 50 mm closer to the pyrolysis zone, and, notably, 
the products output from the pyrolysis process remained the same 
(e.g., CH 4 ). The average values of the process gas deposits obtained 
from the first and second tests were similar. 

Next, tests were conducted with a reduced value of H r . Fig. 10 
shows the changes in the gas composition with time at a height 
of H r = 140 mm during a 6-h period, including the nominal 
arrangement of the specific air streams directed to the generator. 

Reducing the height to H r = 50 mm significantly changed the 
composition of the process gas compared to that at the nominal 
value. Transferring the gas collection point nearer to the combus¬ 
tion zone decreased the value of carbon monoxide from 25.0% to 
13.3% and increased the solidification of carbon dioxide from 9.5% 
to 16.2%. The remaining values of the gas components (i.e., FI 2 , CH 4 
and 0 2 ) do not agree with values from the characteristic test of the 
nominal parameters. The results are compared in Table 3. 


New piston engines require the purity of gas fed to the en¬ 
gine to have no more than 5 mg/Nm 3 ash impurities and 50 mg/ 
Nm 3 organic impurities [8]. Older models had a much higher 
tolerance for fuel impurities. Therefore, the remaining amount of 
ash and organic impurities in the reactor was monitored during 
this study. 

Achieving the permissible value of impurities in the residual gas 
from biomass gasification is a complicated task because of the 
amount of impurities left and the cost, both in the initial invest¬ 
ment and in the installation of the gas purification equipment. A 
particularly important and troublesome issue is the primary 
reduction of organic substances. Currently, numerous studies are 
underway to develop an effective method to reduce organic con¬ 
taminants with low operational expenditures. Such research ac¬ 
tivities, among others, are described in detail in prior studies 
[36,37]. 

Therefore, the main prerequisite for the dry IOG design at The 
Institute For Chemical Processing Of Coal in Zabrze was to create an 
installation that was simple and could be realized with a low 
financial input compared to its output. The main goal was to reduce 
ash impurities to below 100 mg/Nm 3 for the dry IOG. The organic 
impurities were assumed to be mostly consumed in the engine, 
which should not cause problems if using a current-generating unit 
(Table 3). We have demonstrated an acceptable solution above, 
bearing in mind that this gas could be used in an older engine 
construction that does not require such high fuel purity at the cost 
of lessened efficiency. Furthermore, these designs are significantly 
cheaper than those offered by the producers of high-efficiency 
piston engines. 

We achieved the following average efficiencies using the latest 
configuration of the IOG (consisting of a pressure-reducing valve, a 
cyclone dust-collector, a gas cooler, a coke adsorber and a cloth 
filter): 

- Ash impurities : approximately 95% (from 1500 mg/Nm 3 to 
70 mg/Nm 3 ), 

- Organic impurities : approximately 47% (from 3600 mg/Nm 3 to 
1900 mg/Nm 3 ). 

The stream of ash impurities m ash was 70 mg/Nm 3 , and the 
stream of organic impurities m ta r was 1900 mg/Nm 3 . 

The average value of the gas purification process is calculated 
from the average impurities obtained during several tests of 
biomass gasification. 

The final result reduced both the ash and organic impurities to a 
level at which the gas could be tested in a two-stroke piston engine. 



Fig. 7. Changes in the main fuel components during the gasification process: H r = 190 mm. 
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Fig. 8. Changes in the reactor temperature with time: H r = 190 mm. 



4.1. Balance of the GG 

Measuring the stream of generated gas in the generator was a 
difficult task [38], mainly because of the relationship between the 
low governing pressure in the installation and a large amount of ash 
and organic impurities in the product. This situation caused the 
impulse conductors to become obstructed and the Prandtl tubes to 
distort or become totally disabled and thus affected the calculation 
of the measured value. Hence, we decided to use an estimated 
balance method to calculate the gas stream m gas . 

An algorithm shown below was used to calculate the generated 
stream of dry gas and the moisture contained within it for the 
balance of the GazEla GG. 

The applied intermediate method for calculating the value of the 
gas stream depends on comparing the substratum and the entering 
products with those exiting from the GG. The concept behind this 
method is shown in Fig. 11. 

The entry data on the entrance side of the generator are shown 
from the laboratory analysis results of the fuel (Table 2), the average 
stream of biomass and the average stream of (moist) air measured 
during the gasification tests for the nominal parameter 
(H r = 190 mm). On the exit side (product side) of the generator, the 
balance data consisted of the dry gas composition (CO, CO 2 , O 2 , H 2 , 
CH 4 and N 2 as a supplement up to 100%; see Table 3) and the stream 
of organic substances and ash impurities generated during the 
gasification process. The value of the dry gas stream is denoted as 
m gas dry , and the value of the moisture stream in the process gas is 
denoted as rh H20 . The total estimate of the generated gas stream in 
the generator is denoted as m gas . 


This calculation method for the balance depends on the 
assumption of the sought dimensions (m gas dry , m H2 o)> the subse¬ 
quent calculation for the stream and all elements (O 2 , H 2 , C, N 2 , S 2 ) 
as well as ash (A) (m 02 , m H2 , m c , m N2 , m S2 , rh A ) and the sum of these 
streams (Em) on both the entry and exit sides of the analyzed 
fixture. The next stage of the algorithm involves estimating an error 
margin for the highlighted stream mass for particular components 
<5 ;(2 = (m 02 , rh H2 , m c , m N2 , m S2 , m A )) and their total d Sm . In this step, 
a relative error margin was obtained, designated with the assis¬ 
tance of (1) and comparable with the assumed acceptable error 
margin, which was chosen in this work as 5%. 


5 i = ( m i)out . 100% 


E (m )in - E (m,-) 

E(mi)in 

i 


-100 % 


(1) 


where: 5 ; - relative error margin for all elements i = (C, H 2 , N 2 , O 2 , 
S, A) and their total Em, (rhi) in - stream entering the generator 
(mj)out — stream exiting the generator. 

The next step in the case in which the error margins <5; or 5 Sm 
were exceeded (beyond the accepted allowable threshold) was to 
correct the calculation uncertainties with the assistance of changes 
in the streams m gas dry and m H2 o- The final procedure for the bal¬ 
ance took place after fulfilling the condition 

^ 5 % ( 2 ) 
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Fig. 9. Process of solidification changes in the main components of the process gas: H r = 240 mm. 
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In Fig. 12, a darker color marks the area that shows the series of 
solutions for the streams m gas s and rh H2 o for which it is possible to 
maintain the maximum error for every element <5; and their total 
5z m at a level below 5% (the broken line designates the solution 
shown in Table 4). A lighter color designates the solution area for 
errors above 10%. Fig. 13 shows the sample error <5 q 2 in the functions 
r^gas dry and rh H2 o- 

Table 4 shows the results of the accepted GG balancing process 
for further calculations. The relative errors of all balanced streams 
are below 5%. 

The dry gas stream m gas dry = 36.20 kg/h, and the moisture 
contained in the process gas m H2 o = 6.25 kg/h based on the esti¬ 
mated balance of the calculated elements. These values allow for 
the calculation of the contributions on a gram-molecular basis in 
the moist gas 


v^- m -— 

1 m H 2 Q iVf gas dry 

^gas dry ^H 2 0 

where: i = (H 2 0, CO, C0 2 , CH 4 , H 2 , 0 2 , N 2 ) (data from Table 3) M - 
particle mass 

The results of the calculation are shown in Table 5. 

A Sankey diagram for the GazEla GG is plotted in Fig. 14, based 
on the mass balance data from Table 4. Fig. 15 shows a Sankey di¬ 
agram with the energy balance for the process GG. 

Fuel is fed into the generator at the entrance; this fuel represents 
nearly the entire stream of energy. Additionally, a small amount of 
energy is delivered at a low level with the assistance of warmed 
process air. On the exit side of the reactor, the largest energy stream 
is contained in the process gas. The result is that the reactor 
operates at a high gas temperature, which is acceptable, with the 


Table 3 

Changes in the gas composition and the lower heating value in relation to the height, 
H r . 


Gas component 

Unit 

H r = 140 mm 
(Test III) 

H r = 190 mm 
(Test I) 

H r = 240 mm 
(Test II) 

h 2 

% vol. 

5.4 

7.5 

5.7 

ch 4 

% vol. 

2.1 

2.1 

1.7 

CO 

% vol. 

13.3 

25.0 

25.2 

co 2 

% vol. 

16.2 

9.5 

9.3 

o 2 

% vol. 

0.0 

0.0 

0.0 

N 2 

% vol. 

63.0 

55.9 

58.1 

LHV 

MJ/Nm 3 

3.01 

4.72 

4.40 


average temperature of the gas calculated at the exit of the reactor 
for Test I and its consumption value (Table 3). 

The cold efficiency of the GG, which highlights the relationship 
between the chemical energy stream contained in the processed 
gas and the chemical energy stream fed from the biomass to the 
reactor, may be calculated as follows: 


^ch gas _ ^gas ' f 
E chf ™pal ’ W df 


( 4 ) 


where: p gg ~ efficiency of the GG (cold). 

The tjgg value (as calculated based on the data in Tables 2,4 and 
5 and dependent on Eq. (4)) was 62.83% (~63%). 

A set of averaged parameters acquired from examples taken 
during the 6-h-long installation test was used to determine the cold 
efficiency of the GG. 

The hot efficiency p is defined using Eq. (5). 

= E ch gas + E f gas = m S as ( W d gas + ^gas) 

V E chf m n -W df ( 1 

Assuming a gas temperature at the outlet of the reactor of 590 °C 
(in agreement with Test I), the hot efficiency of the experimental 
GG was 77.21%. Importantly, the loss to its surroundings is quite 
large (~20.9%) and is caused by a lack of sufficient thermal isola¬ 
tion of the reactor. 


4.2. Research on the biomass gasification system integrated with 
aSG 

The generated process gas combustion tests were conducted in a 
two-stroke piston engine to study the biomass gasification instal¬ 
lation with a GazEla generator. The amount of electrical power 
generated was controlled using a current-generating unit and a 
power collection system consisting of electric heaters cooled by an 
air stream produced by a radial fan. The number of connected 
heaters determined the current-generating unit load during the 
research process, producing a variation of 15 kW e i in the system 
work. 

The electrical power created in the current-generating unit N e i 
and the stream of (diesel) fuel used, m diesel , were measured during 
the combustion tests. The lower heating value and the density of 
the diesel fuel were supplied by the fuel producer as 
LHV d iesei = 43 MJ/kg and p = 0.84 kg/dm 3 , respectively. The engine 
fuels used were diesel and the gas from the GG. 
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(composition according 

to the table) 


m a(f (humidity - 60%) 



"V,(CO, co 2 . CH 4 , h 2 , 0 2 ,N 2 ) 


- • • 

3 

L 



i = (C. H 2 , N 2 , 0 2 . S. A) 

Gas 

generator 

i = (C. H 2 , N 2 , 0 2 . S. A) 


Fig. 11. Outline of the intermediate calculation method for the process gas stream. 


The moist stream of process gas resulted in an estimated bal¬ 
ance of elements for the gasification tests of alder chips 
(H r = 190 mm). 

For an engine powered by process gas or diesel fuel, the elec¬ 
trical energy efficiency is defined as 


e filgas • LHVgas + thdiesel' ^HV^esel 

The combustion of the process gas in a two-stroke piston engine 
was tested with a variant of the engine using diesel fuel and process 
gas at a power output of 15.5 kW e i. 

Diesel fuel was supplied at a rate of 2.41/h for an engine working 
at an electrical power of 15.5 kW e i. Furthermore, using the data 
from Table 5 (m gas and LHV gas ), the calculated efficiency of the 
generated electrical energy in this case was 24.61%. The engine 
consumed 61.8% process gas and 38.2% diesel oil while generating 
electrical energy (equal to 15.5 kW e ). 


5. Parametric analysis 

The following research was conducted on an installation with a 
power of approximately 60 kW t . However, in the near future, a new 



Fig. 12. Common area for errors below 5% (in red) and 10% (in grey) of all components 
of the balance <5, and <5 2m .(For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 


demonstration installation for biomass gasification should be built 
that includes a GG with a power of 1.5 MW t (fuel-powered). 
Additionally, we have constructed a parametric model of a gasifi¬ 
cation installation with a SG, as shown below. Using this model and 
the data from the researched installation with a power of 60 kW t , 
we were able to designate the efficiency of the installation with a 
power of 1.5 MW t and show how several parameters affect the 
efficiency. 

The analysis of the accepted model is based on the information 
presented in Fig. 16, which shows a schematic of the experimental 
installation [39] that represents the concept of a biomass gasifica¬ 
tion system integrated with electrical and heat energy generation. 

Fig. 16 presents a system consisting of a GG and a ICH (gas¬ 
cooling installation) that operates with the assistance of a gas 
cooler and a IOG, which includes a coke filter and a cloth filter. The 
purified gas is directed to the SG, where electricity N e \ and heat 
energy Q 23 are co-generated. These values were obtained via the 
cooled process gas in the installation of the cooled gas heat stream 
Q 34 (the heated stream of the process air) directed to the GG. The 
remaining part of the collected process heat gas (Q. 35 ) is directed to 
the mixing chamber KM, where, after joining with the heat stream 
from the SG, it becomes the heat stream Q 24 , which is then fed out 
of the system. We describe the gross energetic efficiency of this co¬ 
generation system as the ratio of the total energy generated in the 
engine from electrical power N e 1 and the total of the heat streams 
fed out of the system to the chemical energy of the biomass fed into 
the reactor, which is consistent with the following equation: 


= N e i + Q21 + Q24 
(m-LHV ) 02 


( 7 ) 


The energetic efficiency of the process GG (i.e., cold efficiency) 
may be shown as the ratio of the chemical energy of the process GG 
(m -LHV ) 11 to the chemical energy of the biomass (m-LHV ) 02 


(m-LHV) n 

(m-LHV ) 02 


( 8 ) 


The efficiencies of the electrical energy generation and the heat 
generation used for the engine are defined as follows: 


^elSG = 


Ne1 

(m-W d ) 15 ’ 


( 9 ) 


^hSG = 


Q23 

(m-LHV ) 15 


( 10 ) 


The coefficient of the distribution of gas a is also introduced 
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Table 4 

Element balance for the GazEla gas generator. 



Factor 


Streams, kg/h 







C 

h 2 

n 2 

0 2 

S 

A 

2nti 

Entry 

Processed air, m a i r 

Dry air 

- 

- 

20.821 

6.290 

- 

- 

27.111 



Air moisture 

- 

0.088 

- 

0.700 

- 

- 

0.788 


Biomass moisture, mf ue i 


5.910 

0.932 

0.023 

7.267 

- 

0.060 

14.200 


Total, (m f )m 


5.910 

1.020 

20.845 

14.257 

- 

0.060 

42.099 

Exit 

Moist gas, m gas 

Dry gas, 

5.822 

0.312 

20.845 

9.324 

- 

- 

36.199 



Moisture in the gas 

- 

0.699 

- 

5.550 

- 

- 

6.250 


Ash, m ash 


- 

- 

- 

- 

- 

0.018 

0.018 


Organic substances, m tar 


- 

- 

- 

- 

- 

- 

0.190 


Total, (mj)out 


5.822 

1.011 

20.845 

14.874 

- 

0.018 

42.657 

Relative error, 5% 


5c 

5h 2 

5n 2 

<5o 2 

5s 

5a 

52m 




1.49 

0.88 

0.00 

-4.33 

_a 

_b 

-1.32 


a Not able to be calculated due to a small quantity of sulfur in the researched biomass; the stream value of the balance was not taken into account. 
b Not able to be calculated due the inability to reliably calculate the value of the ash stream during the experiment. This inability was due to the difficulty in conducting a 
viable experimental calculation of the ash stream value collected from the bed under the grate of the gas generator. The balance on the exit side includes only the ash coming 
out of the reactor with the process gas. It is important to emphasize that the value (regardless of position “A”) in the mass balance of the reactor was barely 0.1%. 


a 


mi4 

mis' 


( 11 ) 


_ (m-LHV ) 13 
Vl0G - (m- LHV) 12 ‘ 


(15) 


The system requirements for the process gas (e.g., the amount of 
gas necessary to generate an appropriate combustion stream in the 
combustion chamber to dry the biomass, defined in Eq. (11)) and 
the efficiency of the generated electrical energy and the efficiency 
of the generated heat in the piston engine (defined as dependent on 
Eqs. (9) and (10)) may be written as 

VelSG = (1 — a)-(ift-LHV ) 13 ’ (12) 


^hSG = 


Q23 

(1 - a)-(m-LHV ) 13 ' 


(13) 


We record the thermal power Q 21 in the form of 
Q 21 =0.16 + %)G '«'(wi'LHV) 12 . (16) 

Additionally, the heat power Q 24 is designated as 
0.24 = Vl "0.23 + V 2 '0.35- (17) 

The adiabatic balance of the process ICH (gas-cooling system) 
and the IOG (gas purification installation) (omitting the heat con¬ 
tent of a gasifying agent) at a given temperature setting may be 
written as 


In the analysis of this case, the heat stream Q 21 m ay be desig¬ 
nated as 

O 21 * Qi 6 + a (m LHV) 13 . (14) 


O 35 + Ol6 + O 34 = rilll ’(^13 - hll)- (18) 

Making use of the dependencies described earlier and intro¬ 
ducing the additional parameters in agreement with the following 
equations gives: 


Introducing the energetic efficiency of the IOG in relation to the 
chemical gas energy before and after the purification process yields 



Fig. 13. Permanent line of error margin 5q 2 for the moisture stream rhn 2 o and the dry 
gas stream m gas dry functions. 


foil = fol2 

LHVn’ 2 LHV 12 ’ 

0.16 + Q34 1/i; 0.16 

= - T -, Wj = --. 

035 035 


The general efficiency of the biomass gasification system for 
electrical and heat energy generation may be written as follows: 


^BCHP - VGG’VlOG 


(1 - oO^elSG + VhSG’Vl) 

(Hi - U 2 ) 


(1 + w)77 IOG 


(w 1 +t? 2 ) + a 


( 20 ) 


Table 5 

Values of the main components of damp gas. 


Gas component 

Unit 

Value 

h 2 

% vol. 

5.9 

ch 4 

% vol. 

1.7 

CO 

% vol. 

19.8 

co 2 

% vol. 

7.5 

o 2 

% vol. 

0.0 

h 2 o 

% vol. 

20.8 

n 2 

% vol. 

44.3 

LHV gas 

MJ/Nm 3 

3.74 

nigas 

kg/h 

42.45 
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DRY 

AIR -190.8 kg 



DRY 

BIOMASS - 85.2 kg 

MOISTURE 
IN BIOMASS - 14.8 kg 


MOISTURE IN 
PRODUCER GAS 
- 44 .4 kg 


Fig. 14. Mass balance for biomass gasification in a GazEla generator (for 100 kg of fuel 
under working conditions). 


Setting a = 0 and obtaining W\ = 0, the entire stream of the 
process gas from the generator is directed to the SG, and the overall 
efficiency of the system is expressed as 


^BCHP — VGG’VlOG 


(VelSG + VhSG’Vl) + 


(^1 ~ U 2 ) 
(1 + w)t7 IO g 



( 21 ) 


Eqs. (20) and (21) presented above show the influence of the effi¬ 
ciency of specific unit processes on the energetic efficiency of the 
entire installation. In the above equations, we accept that 
LHVi 3 = LHVm = LHVis. 

Table 6 presents the assumptions for an installation with a po¬ 
wer of 1.5 MW t . The basic presuppositions are as follows: 

1. The gas composition and the combustion value in the GG are 
assumed to be the same as those in the researched system 
(Test I). 

2. The GG is assumed to have the same cold efficiency as that in 
the researched system (??gg = 63%). 

3. The energy loss to the surroundings in the GG is limited to 10% 
from a value of 20.87% and an increase in the exiting gas 
temperature (i.e., at point 11 in Fig. 16) and the consequent 
coefficient growth iq. The increase in the temperature of the 
exiting gas in relation to the measured value is confirmed in 


the calculated models conducted with the Aspen Plus pro¬ 
gram. The accepted temperature of the gas at point 11 (Fig. 16) 
is 950 °C. 

4. The efficiency of the electrical energy generation in the SG ^ e isG 
is assumed to be 36.2% (i.e., significantly higher than that in the 
researched engine at 24.6%) on the basis of Ref. [8]. 

5. The efficiency of heat generated TjhsG in the SG is assumed to be 
40.2%; such an efficiency level does not include the use of low- 
temperature heat, which could increase the efficiency by up 
to 8%. 

6 . Part of the heat transferred through the process gas in the 
ICH is assumed to be directed back to the generator (stream 
Q 34 ) with the assistance of the heated process air at a tem¬ 
perature of 200 °C. Moreover, the increase in the temperature 
of process air from 30 °C to 200 °C only influences the increase 
in the temperature of the gas at the exit of the generator, and 
the change of this parameter does not cause a change in the 
composition of the process gas. 

Using the accepted data, a sensitivity analysis was performed, 
and the results are shown in Fig. 17. The results show how 
particular compositions of the model influence (21) (in the range 
of their values from -0.03 to 0.03) the efficiency of the GG (ijgg). 
the efficiency of the electric energy generation in the engine 
{Ve\SG\ the efficiency of the heat generation in the electrical en¬ 
gine (77 hsc). the efficiency of 77 1 and 772, the efficiency of the IOG 
( 7710 G) and show the effect of the coefficients tq, 112 and w on the 
efficiency of the overall system tjbchp, among others. The influ¬ 
ence of the efficiency changes in the individual units and the 
analyzed coefficients on the efficiency of the entire system is 
linearly dependent. The change in specific starting compositions 
in the composition model of Eq. (21) shows relatively similar 
behavior. 

The conducted parametric analysis of the biomass gasification 
installation integrated with a SG shows how specific elements of 
the installation affect the efficiency of the entire biomass gasifica¬ 
tion installation 77 B chp- The greatest influence on the system effi¬ 
ciency 77 bchp is that of the GG tjgg- For a nominal level of generator 
efficiency (63.0%), the system efficiency rose to 71.9%. When the 
reactor efficiency decreased to 60.0%, the efficiency of the gasifi¬ 
cation installation also decreased to 68.5%. However, when the 
reactor efficiency increased to 66.0%, the installation efficiency 
increased to 75.3%. The second vital parameter influencing the 
?7bchp is the electrical energy generation efficiency in the SG. 
Increasing or decreasing this value by 0.03 causes the system’s ef¬ 
ficiency to shift from 70.1% to 73.7%. The heat generation efficiency 


E e( -61.75 kW E ef - 99.61% 




E_ - 20.87% 


Fig. 15. Energy balance for biomass gasification of the tested GazEla generator (index: f - fuel, air - process air, gas proc - process gas, org sub - organic substances, flo ash - 
floating ash, en - environment, p — physical, ch - chemical, e - entire). 
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Fig. 16. Block outline of a biomass gasification installation with a gas generator and a power of 1.5 MW t . 


Table 6 

Assumptions for the parametric analysis of the biomass gasification system at a 
power of 1.5 MW t . 


Designation 

Symbol Unit 

Value 

Gas stream 

m n 

kg/h 

1031.5 

Value of the combusted gas 

LHV„ 

kj/kg 3300 

Temperature of the gas at point 11 

tn 

°C 

950 

Temperature of the gas at point 13 

tl3 

°C 

40 

Heat stream at point 35 

0.35 

kW 

360 

Heat stream at point 34 

0.34 

kW 

38 

Efficiency of the gas generator when cold 

Vgg 

% 

63 

Efficiency of electrical energy generation in the engine ^ e isG 

% 

36.2 

Efficiency of heat generation in the engine 

VhSG 

% 

48.2 

Efficiency of the gas purification system 

VlOG 

% 

97 

Efficiency of heat transformation 

m 

% 

97 

Efficiency of heat transformation 

V2 

% 

97 

Coefficient of the distribution of gas 

a 

- 

0 

Coefficient 

t*i 

- 

0.39 

Coefficient 

w 

- 

0.105 


in the SG chamber similarly affects the efficiency of the biomass 
gasification system in the range of 70.1-73.7%. 


6. Discussion and conclusions 

The process of generating electrical and heat energy will soon be 
connected with decision-making and intensive work aimed at 
lowering the harmful environmental effects of the energy industry. 
One interesting direction that may improve the eco-friendliness of 
energy generation is the use of RES, such as biomass. The specific 
properties of biomass and the potential for its use make it a 
particularly desirable solution for fuel in the context of gasification 
technology. Converting the chemical energy contained in the 
biomass to combustible gas energy enlarges the energetic sphere 
for the use of biomass. Using process gas as a fuel for dispersed 
small- and average-sized electrical energy and heat co-generation 
systems may allow Poland and the EU to achieve the target mini¬ 
mal value for RES in the overall fuel use. Furthermore, these sys¬ 
tems encourage the use of local fuel sources, thus eliminating 
transport costs. These systems also have the advantage of 
leveraging fuel sources that are often regarded as waste products 
(e.g., from the timber or food industries). 



Change values from -0,03 to +0,03 


Fig. 17. Influence of the efficiency of the gas generator (t/gg). the efficiency of the 
electrical energy generation in the gas engine (i/eisc). the efficiency of heat generation 
within the engine (rj h sg). the efficiencies rji and j] 2 , the efficiency of the gas purification 
system (7/ I0G ) and the effects of coefficients w, U\ and u 2 of the efficiency of the entire 
system (t/bchp). 


During the development of the research installation in IChPW, 
a series of tests was conducted over many hours with the aim of 
controlling the function of the entire installation, with particular 
attention paid to the GG. An important value was the set-up of 
the construction parameters and, most importantly, the appro¬ 
priate height of H r , the distance between the air distributor and 
the gas outlet to the central pipe. Tests conducted at various 
heights showed how the height influenced the maximum com¬ 
bustion value of the generated gas. The collected results in Table 3 
show the influence of the height H r on the composition and 
combustion value of the process gas. For the three values of 
height H r presented, the lowest heating values of the gas occur¬ 
ring in the chamber ranged from 3.02 MJ/Nm 3 to 4.72 MJ/Nm 3 . 
The greatest gas heating values were obtained for a height of 
H r = 190 mm, which was used as nominal in the subsequent 
studies. 
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One of the important points realized in the course of this 
research was the impact of the amount of moisture contained in the 
generated gas stream. Due to difficulties connected with the direct 
measurement of these values, a portion of the researched meth¬ 
odology focused on this stream of moist gas. An average balance 
method was found to be acceptable depending on the assumption 
of a dry gas stream and a moist air stream. Testing was conducted to 
search for two values for which the maximum error margin of all 
elements entering and exiting the generator was less than 5%, the 
allowable value for the designation sought. The value of the stream 
of moist gas (for Test I) was 42.45 kg/h, and the moisture contained 
in the gas streams was 6.25 kg/h. For the highlighted streams, the 
compositions of the moist gas were CO = 19.8%, CO 2 = 7.5%, 
H 2 0 = 20.8%, H 2 = 5.9%, CH 4 = 1.7% and N 2 = 44.3%. 

In this paper, a Sankey diagram was used to show the mass 
stream flow and the outflow from the research fixtures (for an 
estimated 100 kg of fuel) as well as the energetic balance of the 
gasifier. The cold efficiency in the GG was approximately 62.8%. 

The final configuration of the purification system removed 
approximately 95% of the ash impurities and 47% of the organic 
impurities. 

The purified gas was used as a source of chemical energy in the 
form of hot fumes in a two-stroke piston engine to generate elec¬ 
trical and heat energy. The stream of the obtained electrical gas 
during the tests corresponded to 15.5 kW e i. The engine used in the 
research, which used diesel as a basic fuel during the combustion of 
process gas and liquid fuel, was characterized by a relatively low 
efficiency in comparison with current commercial solutions. The 
obtained efficiency for the generated electrical energy at the 
nominal parameters of the engine work was approximately 24.6%, 
which was produced using 61.8% process gas, with diesel fuel ac¬ 
counting for the remaining 38.2%. 

In this article, we also present a parametric model of a system 
for generating electrical and heat energy integrated with a GG. 
Our research shows how a particular composition of system el¬ 
ements influences the overall efficiency of the biomass gasifica¬ 
tion installation integrated with a commercial gas piston engine 
using the data obtained from the conducted experimental 
research and simulating calculations for a system with greater 
power (i.e., 1.5 MW t ). The greatest influence on the efficiency of 
the system is the cold efficiency of the GG. In the case in which 
this efficiency grew from 60% to 66%, the efficiency of the entire 
system was increased from 68.5% to 75.3%. In contrast, when the 
cold efficiency of the reactor was 69%, the efficiency of the 
installation was 78.8%. The obtained results confirm that opti¬ 
mizing the work of both the overall system in this particular GG 
(through the use of the appropriate prepared fuel) and the work 
of the reactor, which should be constructed with satisfactory 
thermal installation, are essential to the system’s performance. 
Possible methods to correct the cold efficiency of the generators 
include increasing the temperature of air input to the process or 
feeding this air with condensation or oxygen. In the case of a low- 
or average-power system, the process may be too costly, and 
further improvements will be the subject of future analysis and 
research. 
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